We studied an in vitro model of reentrant tachycardia in a ring of ventricular endocardial tissue surrounding the canine mitral and aortic valves to understand how the response of a reentrant tachycardia to premature impulses can provide insight into the underlying tachycardia mechanism, circuit characteristics, and nature of the central barrier. Reproducible regular reentrant tachycardias (cycle length range, 177-450 msec) were induced with programmed stimulation in 19 intact preparations studied at 34-38°C. Tachycardias were sustained and stable until terminated by programmed stimulation in 95% of preparations. Reentry was reliably reinitiated during experiments lasting 2-15 hours. Data supporting reentry as the mechanism of these tachycardias included sequential activation around the ring that spanned the cycle length of the tachycardia, unidirectional block during initiation of the reentrant rhythm, and termination of the tachycardia after interruption of the circuit. Tachycardias in 13 preparations were systematically reset by premature stimuli. During reentry, each of these preparations had full recovery of excitability by the end of their excitable gap as evidenced by a flat portion along their resetting response curve (eight of 13) or by lack of faster conduction velocity during the second poststimulus beat after premature impulses that produced a long return cycle (13 of 13). From analysis of the conduction of premature impulses and their return cycles, we reached several conclusions useful for interpreting resetting response curves when the reentrant circuit is not fully accessible for study. The duration of a flat portion of the resetting response curve indicated the duration of the shortest fully recovered excitable gap in the reentrant circuit. The window of reset of the tachycardia reflected only the local excitable gap at the site of stimulation and did not define the shortest excitable gap within the circuit. The extent of advancement of the tachycardia provided a lower-limit estimate of the shortest excitable gap in the reentrant circuit. Advancement of a tachycardia in time by premature stimuli indicated advancement at each point in the circuit. Finally, for tachycardias advanced by premature impulses, the length of the reentrant path cannot be determined by the recovery of a refractory barrier. (Circulation 1990;81:267-280) C onsiderable evidence supports reentry as the mechanism of several clinically important arrhythmias including ventricular tachycardia in patients with remote myocardial infarctions. Knowledge of an underlying reentrant mechanism does not, however, help to predict the response to drugs or pacing. Experimental preparations have elucidated several subtypes of reentry: circus movement around a fixed barrier (central obstacle determined by a fixed inexcitable area such as scar or valve
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To understand the differences in behavior among subtypes of reentry and their possible clinical implications, well-defined models representative of each subtype are necessary. Much of the recent experimental and computer investigation of reentrant tachycardias has focused on circuits with functional barriers.1,2,10-18 An in vitro model of reentry in canine 268 Circulation Vol 81, No 1, January 1990 RECORDING ELECTRODES STIMLATING ELECTRODE FIGURE 1 . Schematic representation of the tissue preparation. The ventricular endocardial surface is facing upward, the mitral and aortic valve annulus forms the inner border, and the cut surface through the myocardium forms the outer border of the ring. Equally spaced bipolar Teflon-coated silver wire recording electrodes were positioned along the endocardial surface numbered in a clockwise fashion. A bipolar silver wire pacing electrode could be positioned at any location along the endocardial surface.
-1 cm atrial tissue around a fixed barrier that has an excitable gap with only partially recovered excitability has also been described. 4 This study describes an in vitro model of reentry in ventricular tissue around a fixed barrier with a fully excitable gap. Tachycardias were sustained and responded to premature stimuli in a manner similar to that described for clinical reentrant ventricular tachycardias,19'20 suggesting that the behavior of this model may be analogous to some clinically relevant tachycardias. We observed the response of stable reentrant tachycardias to premature stimuli to characterize the excitable gap in this model and gain insights into methods for determining the underlying tachycardia mechanism, circuit characteristics, and nature of the central barrier. The data validate inferences about the durations of fully and partially recovered portions of the excitable gap from resetting response curves that are applicable when the reentrant circuit is not completely accessible for study. These data also show the usefulness of measuring the advancement of tachycardias in time by premature stimuli, to estimate the duration of the excitable gap in all parts of the circuit. From this analysis, conclusions about the nature of the central barrier defining the reentrant circuit can be made.
Methods

Tissue Preparation
Twenty-one male dogs weighing 15-24 kg were intubated and ventilated with a Harvard respirator (South Natick, Massachusetts) after intravenous sodium pentobarbital (37-51 mg/kg) anesthesia. Hearts were removed by left thoracotomy and pericardotomy after 10-20 minutes of ventilation with 100% 02. Hearts were immediately immersed in a cold Tyrode's solution (3-8°C, 95% 02-5% C02, [K'j=4 mM) for dissection. A ring of ventricular endocardial tissue, 10-25-mm wide and 3-8-mm thick, surrounding the mitral and aortic valves was dissected and pinned, endocardial surface upward, in a perfusion bath ( Figure 1 ).
The tissue was maintained by superfusion. Tyrode's solution contained (mM) 125 NaCl, 24 NaHCO3, 1.0 NaH2PO4, 0.5 MgCl2, 1.8 CaCl2, 5.5 dextrose, and 4.0 KCI. The solution was pumped from a temperaturecontrolled reservoir through a heat exchanger before entering the tissue perfusion bath bubbled with 95% 02-5% CO2 Tyrode's solution. This arrangement maintained a constant temperature in the tissue perfusion bath (±0.20 C) for experiments performed at 34-38°C. Bath temperature was monitored continuously.
Electrical Recording and Stimulation
Endocardial activation was recorded with an adjustable circular array of 10 equally spaced bipolar Teflon-coated silver wire electrodes (interpole distance, 0.3 mm). Electrograms used to measure local activation were amplified, band width 50-400 Hz (Bloom Associates, Reading, Pennsylvania). In six experiments, we used monophasic action potential recordings obtained from the distal pair of 6F quadripolar catheters (interpole distance, 5 mm) precisely advanced to apply pressure to the endocardial surface. These recordings had a band width of 0.05-400 Hz. Signals were recorded on 28-channel FM magnetic tape (Honeywell 101, Denver, Colorado) and displayed on an eight-channel storage oscilloscope (5111, Tektronix, Beaverton, Oregon) and a 16channel strip chart recorder (Siemens Mingograph, Solona, Sweden). The reproducibility of these measurements was ±2 msec. A bipolar silver wire pacing electrode, controlled by a stimulator (Bloom Associates), was positioned by a micromanipulator along the endocardial surface of the tissue (Figure 1 ).
Measuring the Excitable Gap
Premature impulses were introduced with 10-msec decrements, beginning with coupling intervals 10-20 msec less than the cycle length of the tachycardia, until refractoriness was encountered or until the tachycardia terminated. Local effective refractory periods at the site of stimulation were determined to within 1 msec; these periods were defined as the longest coupling interval of the premature stimulus that failed to elicit a propagating action potential at a stimulus strength of twice diastolic threshold after three attempts.
The duration of the local excitable gap was determined as the range of coupling intervals of premature impulses over which the tachycardia impulse could be advanced over all or a portion of the reentrant circuit by stimulation at a defined site. In six preparations, the response of the reentrant tachycardia to single premature impulses was repeated 2.5±1 times at 12 sites. The mean difference between the duration of the local excitable gap when premature impulses were introduced again at the same site was 5±4 msec. A local excitable gap would be expected to be different at various points along the circuit because of site-dependent changes in local effective refractory periods.
A resetting response curve described the relation of the coupling interval of the premature impulse to the return cycle (coupling interval of the beat after a premature impulse) within the local excitable gap at the site of stimulation during reentry. Return cycles were measured one recording site (approximately 1 cm) away from the stimulus site in an orthodromic direction. Portions of the resetting response curves were labeled as flat, increasing, or decreasing depending on the changes in the return cycle as the coupling interval of the premature impulse was shortened. 19 Flat portions were defined as changes in the return cycle less than or equal to 2 msec throughout a 10-msec change in the coupling interval of the premature impulse or less than or equal to a 4 -msec change in the return cycle throughout a 30-msec change in the coupling interval of the premature impulse. Increasing (or decreasing) portions were defined as increases (or decreases) in the return cycle greater than 2 msec throughout a 10 -msec decrease in the coupling interval of the premature impulse. These are stricter criteria than those described by Almendral et al.19 We make a distinction between resetting of local activation and resetting of the tachycardia. Resetting without advancement of the tachycardia will be defined as occurring when only a portion of the reentrant circuit is activated early, in an orthodromic direction, by a premature impulse. There is no advancement of activation of the return cycle or postreturn cycle impulse in time. Resetting with advancement of the tachycardia will be defined as occurring when both the activation of the return cycle and postreturn cycle impulses are advanced in time. A curve describing the extent of advancement of the tachycardia reflects the relation between the coupling interval of the premature impulse and the degree of advancement of the tachycardia in time.
Measuring Activation Time and Conduction Velocity
The moment of activation indicated by close bipolar electrograms for predominantly triphasic complexes was defined as the peak of the major deflection. For predominantly biphasic complexes, the moment of activation was defined as the time the tracing crossed the zero potential between the two major deflections. The moment of activation for polyphasic complexes was defined as the first rapid deflection with a peak-to-peak amplitude greater than 0.2 mV. The moment of activation for local electrograms recorded as monophasic action potentials was defined as the midportion along the rapid upstroke of the monophasic action potential. Measurements were made from recordings with a paper speed of 200 cm/sec. Measurements were reproducible to ±2 msec.
Relative conduction velocity was determined as a ratio of the reciprocal of conduction times of the premature impulse or the return cycle compared with the baseline tachycardia made over each segment of the ring. The ratios of conduction times were used because they were measured directly. The ring was divided into segments for analysis because conduction around the ring was not uniform. This ratio is independent of path length.
Results
Demonstration and Characterization of Reentry
Stable, regular reentrant tachycardias were initiated in 19 intact ring preparations. Reentry as a mechanism for these tachycardias is supported by 1) the sequential activation as the impulse traveled in one direction around the ring, 2) the activation sequence spanned the cycle length of the tachycardia, 3) the tachycardia was initiated when unidirectional block occurred, and 4) the tachycardia was terminated by blocking conduction in the circuit by cutting the ring. The first three observations were made in all 19 experimental preparations. The fourth observation was made in the two experiments in which the ring was intentionally transected. These four features are illustrated in Figures 2 and 3 . No tachycardia could be reinitiated after experimental transection, and no tachycardia was inducible in two additional rings that were accidentally transected during their initial dissection.
The above observations were not seen during pacing in the ring (Figure 2 , left side). Impulses propagated away from the site of the stimulation in clockwise and counterclockwise directions ( Figure 2 ). Local activation times spanned only a portion of the pacing interval before collision of the propagating clockwise and counterclockwise impulses. When the pacing stimulus was stopped before the development of unidirectional block, no reentrant tachycardia was initiated, there was no perpetuation of activity, and no spontaneous activity was observed.
Reentry was easily initiated and terminated by single and double premature extrastimuli. Tachycar-FIGURE 2. Electrograms depicting a clockwise reentrant tachycardia was initiated following the development ofunidirectional block during pacing at a drive cycle of 300 msec followed by a premature stimulus with a coupling interval of 200 msec. Stimuli were delivered adjacent to recording electrode 6. The electrograms were recorded activations from 10 proportionately spaced sites along the endocardial surface of the ring. Electrode 10 is adjacent to sites 1 and 9. S denotes stimulus artifact. Numbers between activations at local sites denote the local coupling interval. Arrows depict the direction of impulse propagation. During pacing (left side), activation propagated in both directions around the ring. The clockwise and counterclockwise impulsesfrom each paced beat collided between sites 9 and 10 after 100 msec. Conduction around the circuit was not uniform. The propagating counterclockwise impulse traversed approximately 65% of the distance around the ring in the time the clockwise impulse traversed approximately 35%. The premature impulse propagated in the counterclockwise direction blocked between recording electrodes 4 and 3. The clockwise impulse continued to propagate in one direction around the ring initiating a reentrant tachycardia (right side). The broken vertical lines extend from consecutive activations at site 1. Activation at successive sites span the cycle length of tachycardia at any site. (Ventricular reenty initiated at 35.50 C after a single premature extrastimuli at 300 msec drive cycle. Preparation 4. Monophasic action potentials were amplified and filtered with band pass 0.05 and 400 Hz.) dia cycle lengths were constant beat to beat. The cycle lengths of the tachycardias ranged from 177 to 450 msec in different preparations and as temperature varied (Table 1) . When terminated and reinitiated in the same ring under the same conditions, tachycardias had constant cycle lengths (+5 msec in 17 preparations, +15 msec in two preparations).
Clockwise and counterclockwise reentrant tachycardias could be initiated in the same ring preparation ( Figure 4 ). Conduction velocity around the ring, calculated for 1-4 electrode distances, was not uniform. It varied from 0.14 to 1.0 m/sec. Similar values for conduction through dog ventricular muscle have been reported.21 Reentry could be studied for 2-15 hours in this tissue bath preparation.
Characterization of the Excitable Gap by Premature Impulses and Resetting Response Curves
Single premature impulses were introduced in 14 preparations (data from one of these experiments was not retrievable from tape). For the five preparations in which single premature impulses were not introduced, the cycle lengths of the ventricular reentry, the conduction velocities of the reentrant impulses, the temperatures at which the studies were performed, and the inner ring circumferences of the tissue preparations did not vary statistically (p >0.5 for each parameter, unpaired, two-tailed t test) from the 13 reentrant tachycardias studied.
By evaluating the interval-dependent change in conduction velocity of premature impulses at local sites around the circuit in the 13 preparations studied, we found evidence of full recovery of excitability at the end of the excitable gap in each. We also showed that the resetting response curve described the degree of recovery of excitability over the excitable gap within the circuit for reentrant tachycardias in each tissue preparation. The duration of the local excitable gap ranged from 36 to 200 msec (mean, 84+46 msec, 17-44% of the reentrant tachycardia cycle length) in the different preparations and conditions studied (Tables 2 and 3 ). Eight of the preparations had flat and increasing portions of their resetting response curves. In these eight, we conclude that the impulse conducted through fully Bemstein and Frame Ventricular Reentry: Resetting With Advancement 271 FIGURE 3. Electrograms depicting a stable reentrant tachycardia terminated after transection ofthe ring between sites 3 and 4 during the last cycle of the tachycardia. The reentrant impulse was stable with a cycle length 224 msec. When the ring was cut on the last beat, the reentrant impulse continued to activate sequential sites until it reached the site of transection. Before transection, reentrant tachycardias were initiated and terminated seven times in this preparation. After transection, no propagation occurred past that point, and no tachycardias could be induced. (Ventricular reentry was initiated by single premature extrastimuli at 400 msec drive cycle. Preparation 11.) recovered tissue and that the fully recovered portion of the excitable gap was long enough to detect with our definitions and resetting protocol.
The other five tachycardias manifested a resetting response curve with only an increasing portion indi-cating that there was not a fully excitable gap long enough to measure. However, we conclude that the impulse conducted through fully recovered tissue because longer coupling intervals did not result in faster conduction anywhere in the circuit. Specifi- cally, in all five experiments when resetting with early premature impulses, interval-dependent slowing of conduction produced a longer return cycle, but the conduction velocity in each segment during the second poststimulus cycle was the same as the unperturbed reentrant impulse (relative conduction velocity of 1.0). Therefore, the coupling interval measured at any site during the second poststimulus cycle was equal to the stable reentrant cycle length. This type of response, seen in all 13 preparations, is illustrated in Figure 5 , which is an example of resetting by an early premature impulse in a tachycardia with a flat portion at the end of its resetting response curve. Had the baseline reentrant impulse conducted through partially refractory tissue, then conduction after a long return cycle would be faster (relative conduction velocity >1.0) because of more complete recovery. This would produce a shorter cycle length on the The local excitable gap and partially excitable portion of the local excitable gap can vary from site to site in each preparation. In 11 experimental preparations, premature extrastimuli were introduced at two to seven sites within the circuit. The mean difference between the durations of the local excitable gap determined at different sites in the ring was 45+±22 msec. This was significantly dif- 68  3  65  18  2  285  105  0  105  20  3  238  64  0  64  42  4  208  36  18  18  18  5  242  67  0  67  40  6  385  133  27  106  102  7  177  49  0  49  21  8  312  111  45  66 ). In addition, in two preparations, the durations of the fully and partially recovered portions of the local excitable gap were determined at two sites. The local excitable gaps and the partially recovered portions of the excitable gap differed, whereas the fully recovered portion of the excitable gap was the same. Because of the site dependence of measurements of local and partial excitable gap, the ratios expressed in Table 3 are valid only for the site of stimulation selected in each preparation. However, this table provides a reflection of the range of values for the selected parameters.
We showed that advancement of the reentrant tachycardia in time was associated with advancement of activation at all points along the circuit during propagation of premature impulses able to reset the tachycardia. This indicates that there was an excitable gap in all parts of the circuit. Resetting with advancement of the tachycardia was seen throughout the range of coupling intervals defining the local excitable gap of each preparation.
Demonstration of a Fully Recovered Portion of the Excitable Gap
The local conduction velocity of late premature impulses around the circuit was unchanged from that of the tachycardia in eight of 13 tachycardias mani- FIGURE 5 . Electrograms depicting resetting with advancement of the reentrant tachycardia by an early premature impulse. An early premature impulse, coupling interval 190 msec, was introduced near electrode 3. Progressive increases in local coupling intervals resulted because the premature impulse conducted slower than the unperturbed reentrant impulse. Conduction time ofthe premature impulse around the circuit was 378 msec compared with 312 msec conduction time for the normal reentrant impulse. Slower conduction of the premature impulse near the site of stimulation (relative conduction velocity was 0. 70 between electrodes 3 and 9) provided more time for tissue ahead of the impulse to recover excitability. This resulted in less slowing as the premature impulse propagated around the circuit (relative conduction velocities 0.86 and 1.0 between electrodes 9 and 5 and 5 and 3, respectively). The premature impulse advanced the tachycardia at each site along the circuit. The degree of advancement (indicated by the negative numbers above the electrograms) was not the same at each site as it is in Figure 6 . Afterpropagating over 80% of the circuit circumference, the impulse (introduced 122 msec prematurely) activated site 5 only 54 msec earlier than when it would have been activated had the tachycardia not been reset. The degree of advancement (54 msec) remained the same at subsequent sites and the relative conduction velocity retumed to that of the baseline tachycardia (1.0) for subsequent cycles of the tachycardia after reaching site 5, indicating that tissue ahead of this impulse had sufficient time to recover full excitability. Had the baseline reentrant impulse conducted through tissue that had only partially recovered excitability, an increase in conduction velocity would have been expected after the longer coupling intervals at sites 3 through 6. This was not seen. The presence of constant conduction velocity and reentrant tachycardia cycle length equal to the baseline tachycardia during the second poststimulus beat indicates conduction through fully recovered tissue. (Ventricular reentry initiated at 340 C after double premature extrastimuli at 290 msec drive cycle length. Preparation 8.) festing flat portions along their resetting response curves ( Figure 6 ). Consequently, the duration of the return cycles after a range of late premature impulses was constant and equal to the cycle length of the unperturbed tachycardia. The lack of intervaldependent conduction indicates full recovery of excitability before the end of the excitable gap along the entire reentrant pathway.
The coupling intervals of premature impulses that elicited a constant return cycle constitute the flat portion along the resetting response curve (Figure 7) . Such premature impulses advanced activation equally at each site along the circuit. In Figure 7 , the resetting response curve was flat for coupling intervals between 267 and 312 msec. The tachycardia was advanced by the same amount as the local activation at the site of stimulation for the range of premature coupling intervals corresponding to the flat portion of the resetting response curve.
Demonstration of a Partially Recovered Portion of the Excitable Gap
The conduction velocity of early premature impulses around the circuit was slower than the unperturbed tachycardia impulse in at least part of the reentrant pathway. The slower conduction of the premature impulse around the circuit resulted in an increase in the return cycle. This indicated that there was incomplete recovery of excitability in those parts of the circuit manifesting slower conduction of the premature impulses. Progressively slower conduction of earlier premature impulses resulted in progressive increases in the return cycle. This relation corresponds to the increasing portion of the resetting response curve. Such premature impulses advanced activation at each site along the circuit but not by the same amount. At the end of the return cycle, the relative conduction velocity returned to normal (1.0), Bemstein and Frame Ventricular Reentry: Resetting With Advancement 275 200 msec FIGURE 6. Electrograms depicting resetting with advancement of the reentrant tachycardia by a late premature impulse. This is the same counterclockwise reentrant tachycardia (preparation 8) presented in Figure 5 . The reentrant impulse traveled in a counterclockwise direction (indicated by the arrows). The cycle length of the tachycardia, 312 msec, was stable over many cycles. The coupling interval at local sites was constant at 312 msec, indicating a stable conduction velocity between anypair ofrecording electrodes around the circuit over multiple cycles.
A stimulus was introduced near electrode 3 with a coupling interval of300 msec. Thepremature impulse advanced the tachycardia at each site by 12 msec (negative numbers above the electrograms). As the premature impulse propagated, coupling intervals were the same at each site along the ring. The conduction velocity along each segment was, therefore, the same as during the stable tachycardia (relative conduction velocities over ring segments spanning from electrodes 3 to 9, 9 to 5, and 5 to 3 were 1.0). The premature impulse remained 12 msec early, advancing the tachycardia in time, but not affecting the conduction velocity of the impulse around the circuit or the cycle length of the tachycardia. Late components of electrograms appear with a 2: 1 frequency at sites 1 and 2 in Figures S and 6. (The very late electrogram at site 2 was fixed coupled to thepreceding electrogram at that site and, therefore, does not represent early activation.) Because these late electrograms were not manifest with each beat of the tachycardia, they could not be necessary parts of the reentrant circuit. and there was no oscillation of cycle length during the next several cycles.
In Figure 7 , the increasing portion of the curve occurs at premature coupling intervals between 180 and 260 msec. The greatest advancement of activation was at the site of stimulation. In this example, the premature impulse conducted slower than the unperturbed reentrant impulse near the site of stimulation as well as at other sites around the circuit ( Figure 5 ). In other examples, a premature impulse conducted part way around the ring with the same local conduction velocity as the stable reentrant impulse before encountering tissue through which conduction of the premature impulse was slower than during unperturbed reentry. This indicated that the premature impulse first encountered tissue with fully recovered excitability and further around the circuit, at the same coupling interval, encountered tissue with only partially recovered excitability. Thus, tissue along the reentrant circuit was heterogeneous with respect to the duration of the full recovery time. The patterns of interval-dependent slowing of conduction along the circuit after progressively premature impulses are dependent on the selected site of stimulation and its proximity to regions of longest times for complete recovery of excitability within the cir-cuit. In either case, once a premature coupling interval was reached that produced intervaldependent slower conduction in part or all of the reentrant circuit, further decrements in the premature coupling interval caused progressive increases in total conduction time around the reentrant circuit.
In these experiments, the resetting response curve always had an increasing pattern at shorter coupling intervals, and the slower conduction was generally observed at more than one site in the ring. Because of slower conduction, the coupling interval of the premature impulse increased as it traveled around the circuit. These observations lead to two conclusions. First, under these conditions, the slope of the increasing portion of the resetting response curve does not reflect the magnitude of interval-dependent conduction at any one site of stimulation. For instance, even if the time course of recovery of excitability was similar at all sites, a slowly conducting premature impulse would gradually propagate less slowly as the tissue ahead of it had more time to recover. This may explain the progressive increase in conduction velocity in Figure 5 .
Second, when early premature impulses conduct more slowly, the range of coupling intervals associated with resetting defines only the excitable gap at Figures 5 and 6 is shown. The resetting response curve depicted the relation between the prematurity of an impulse and its conduction time around the circuit. In this example, the tachycardia was reset over a 120 msec local excitable gap. Premature coupling intervals from 300 to 267 msec fall along the flat portion of this curve, representing the range of coupling intervals over which conduction around the circuit was the same as the baseline reentrant impulse past each site. Premature coupling intervals from 180 to 260 msec fall along the increasingportion ofthe resetting response curve, representing the range of coupling intervals introduced at a local site over which conduction around the circuit was longer than the baseline reentrant impulse. The extent of advancement curve depicts the relation between the prematurity of an impulse entering the circuit and the degree that the tachycardia was advanced in time. In this example, the straight line, y = -x+624, describes the resetting response in this tachycardia had there been a fully compensatory return cycle (resetting without advancement). The curve describing the extent of advancement of the tachycardia can be derived as the vertical difference between the resetting response curve and this line.
the site of stimulation. A tachycardia may be reset at a particular coupling interval even though the effective refractory period is longer at a distant site because the premature impulse arrives there late enough to propagate. In that case, the excitable gap at the distant site would be shorter than the interval of resetting at the stimulation site.
Advancement of the Tachycardia in Time
In this model, all tachycardias studied were advanced by premature stimuli that reset the tachycardia. The maximum amount of advancement ranged from 18 to 154 msec (mean, 50±41 msec) among experiments ( Table 2 ). The extent of advancement was always less than the local excitable gap defined by the interval of reset (Table 3 ). This resulted because early premature impulses conducted more slowly than the unperturbed reentrant impulse. However, the range of advancement of activation at all sites after the premature stimulus was at least as great as the amount of the advancement of the tachycardia measured at the site of stimulation in the ring. Resetting without advancement was not seen in any tachycardia. Figure 7 depicts two curves: 1) the resetting response curve (an example of the relation between the coupling intervals of premature impulses and their return cycle) (upper portion) and 2) the extent of advancement curve (the degree of advancement of the tachycardia in time for each premature coupling interval) (lower portion). The same extent of advancement curve could have been determined indirectly by plotting the difference between points along the resetting response curve and a straight line with a slope of -1 having x and y intercepts at twice the cycle length of the ventricular tachycardia. This straight line represents the resetting response curve had the tachycardia not been advanced by the premature impulse.
Discussion
The direct visualization of an impulse sequentially activating sites around the circuit leaves no doubt that the mechanism for tachycardias in this model was reentry. We have used this model to show criteria for assessing characteristics of the reentrant circuit that are applicable when the circuit is not completely accessible for detailed recordings. The data reveal, first, the limitations of assessing the durations of the excitable gap at locations along the reentrant pathway when premature impulses are initiated from only one site within the circuit (the stimulation site in our model or entrance site to the circuit if stimulating from outside the circuit) and, second, the additional information gained from evaluating the extent of advancement of the tachycardia by premature stimuli.
Reentry as a Mechanism for Tachycardias in This Model
We have described an in vitro tissue model of ventricular reentry that was reproducible and stable during experiments lasting many hours. Reentry occurred in ventricular tissue around a fixed barrier, the mitral-aortic valve annulus. Because all parts of the circuit were accessible for study, we were able to test and satisfy all of Mines' criteria22,23 for proof of reentry as a mechanism for these tachycardias. We showed 1) unidirectional block during initiation of the reentrant rhythm, 2) a circular pattern of activation with slow enough conduction of the impulse around the circuit to allow sufficient recovery of excitability of the tissue ahead of the impulse to allow repeated propagation over the same pathway, and 3) termination of the tachycardia and inability to reinitiate the tachycardia after interruption of the circuit. This third criteria, which Mines described as the most definitive evidence for reentry, is the one least often shown in experimental or clinical arrhythmias presumed to be reentrant. Mines understood that the activation sequence of a reentrant impulse could be mimicked by an orthodromic impulse emanating from an automatic focus adjacent to a region of complete block if the resolution of recording sites was such that no antidromic impulse from the automatic site could be detected and if the conduction time of the orthodromic impulse around the potential reentrant pathway was slightly less than or equal to the rate of automatic discharge. Three observations in this study argue against this possibility. First, tachycardias with clockwise and counterclockwise activation sequences were initiated in the same ring. If due to automaticity and not reentry, this would require arrhythmogenic foci on either side of a fixed site of block or would require two areas of block present at different times on either side of one focus. This seems unlikely. Second, resetting advanced activation at each site around the circuit, advancing the tachycardia in time. This would not occur if activation beyond an area of block depended on another discharge of an automatic focus at a fixed cycle length. Third, tachycardias were initiated and terminated by single and double premature stimuli.
Significance of the Increasing Portion of the Resetting Response Curve During Reentry
The inverse relation between coupling interval and return cycle has been previously proposed as a criterion for reentry and has been used to support reentry as the mechanism of ventricular tachycardia in humans. Our demonstration of such an inverse relation in a model clearly due to reentry lends further support to this concept. This inverse relation resulted from slower conduction of premature impulses impinging further on the relative refractory period of the tissue.
Inferences About Fully and Partially Recovered Portions of the Excitable Gap
Frame et a14 proposed two observations supporting incomplete recovery during the excitable gap during reentry. First, the conduction velocity of late premature impulses would be slower than the tachycardia impulse, and second, the coupling interval of the second beat after an early premature impulse that produced a long return cycle would be shorter than the tachycardia cycle length. It has also been shown that resetting of reentry results in damped cycle length oscillation when there is incomplete recovery during the excitable gap.7 In the present model, neither criterion was present, and there was no cycle length oscillation. This indicated full recovery during the excitable gap.
In the clinical setting, there are limitations to measurement precision that may make difficult the detection of a short, flat portion of the resetting response curve. As an alternative, we propose that during resetting, finding the cycle length of the beat immediately after a long return cycle and subsequent beats equal to the baseline tachycardia cycle length indicates that there is full recovery by the end of the excitable gap in those tachycardias. This indicates full recovery by showing that a sudden increase in coupling interval during the return cycle does not produce faster conduction during the next cycle. For coupling intervals corresponding to the flat portion of the resetting response curve, the impulse encounters fully excitable tissue in all parts of the circuit. For coupling intervals corresponding to the increasing portion of the curve, there must be slower than normal conduction due to incomplete recovery in at least part of the circuit, but other areas may have normal conduction, and sites beyond the region of slow conduction are activated with longer coupling intervals. From this, we conclude that the duration of the flat portion of the resetting response curve, when present, indicates the shortest duration of the fully recovered excitable gap in any part of the reentrant circuit; the duration of the increasing portion may be longer than the relative refractory period in any part of the circuit; the slope of the increasing portion of the curve may not reflect the local conduction for any one particular site in the ring; and one cannot distinguish between markedly slower conduction at one site or moderately slower conduction at many sites.
Significance ofAdvancement of the Tachycardia
Estimation of the presence and duration of an excitable gap during reentry has been used to characterize the specific subtype of reentrant circuit and to evaluate the mechanism of antiarrhythmic drug effects on a tachycardia.2-6 In the leading circle reentry in the rabbit atrium, there is little or no excitable gap during reentry, whereas in a large anatomically defined circuit, there may be a substantial excitable gap.
Frame and Hoffman24 proposed that there may be an excitable gap in part of a functionally determined circuit if there are differences in the duration of the effective refractory period among parts of the circuit. A computer simulation has shown that a substantial spatial excitable gap can appear during part of the circuit when reentry occurs around a refractory barrier in tissue with marked anisotropic conduction.17 However, we conclude that there cannot be a temporal excitable gap at sites where the recovery of a refractory barrier defines critical turning points in the reentrant pathway. We define turning points as regions where the reentrant pathway makes a bend around the central barrier, thus determining the extent of the central barrier and therefore the length of the reentrant path. For reentry around a line of block, the portions of the pathway that bend around the ends of the line of block are turning points. If the line of block is due to refractoriness, then conduction around the end of the line of block should occur as soon as the tissue has sufficiently recovered excitability. There could be no temporal excitable gap at these sites. A premature impulse could not make the turn earlier at the same site and would be forced to take a longer pathway; sites more distal in the circuit would not be advanced. Therefore, reentrant pathways defined solely by refractory barriers could not have an excit-Bemstein and Frame able gap in all parts of the reentrant circuit and a reentrant impulse propagating around a refractory barrier would not be expected to be advanced by premature stimuli even if there is an excitable gap in part of the circuit.
We found that advancement of a reentrant tachycardia in time requires advancement of activation at each site along the reentrant pathway. Reentrant tachycardias, able to be advanced by premature impulses, must therefore have an excitable gap at each point along the reentrant pathway. This conclusion does not preclude refractory tissue from forming part of the central barrier of a reentrant circuit in which the tachycardia impulse can be advanced by premature stimuli as long as the portions of the central barrier that determine the length of the pathway, the critical turning points, are not determined by refractoriness. This conclusion is supported by a study of resetting and entrainment of canine ventricular tachycardia around functional barriers that did not find significant advancement by single premature stimuli. 25 From these considerations, we conclude that in tachycardias that are advanced by premature impulses, the length of the reentrant circuit cannot be determined by the recovery time of a refractory barrier. The length of the reentrant pathway of tachycardias able to be reset with advancement could be determined by 1) fixed inexcitable areas, such as scar or valve orifice, or 2) an area in which the conduction time around this region is faster than through it, or a combination of these.4"1426-29 Such slow conduction could result from poor coupling between cells, anisotropic properties, depressed action potentials, or longer time for full recovery. The region of slow conduction is not part of the conduction pathway of the reentrant impulse but constitutes a boundary that defines the pathway. Because such a circuit does not depend solely on the duration of the effective refractory period, an excitable gap could exist in all parts of the reentrant pathway.
Part of the confusion over varying interpretations of the significance of resetting arises from different methods of demonstrating resetting and an excitable gap. Activation mapping with detailed recordings from the reentrant circuit can identify premature activation of a portion of the circuit, that is, resetting without advancement. When the recording electrodes are outside the circuit, advancement of the tachycardia is the only way of identifying resetting. There is a significant difference between an excitable gap in part of the pathway and a substantial excitable gap in all parts of the pathway.
For understanding the behavior of reentrant tachycardias, it may be important to know whether there is an excitable gap at all points in the reentrant circuit and what is the shortest duration of the excitable gap within the circuit. We have made a distinction between the local excitable gap assessed near the site of stimulation and the shortest excitable gap within the reentrant circuit. The interval of reset defines the duration of the local excitable gap. However, the interval of reset does not define the shortest excitable gap within the circuit when the duration of return cycles increases at shorter premature coupling intervals. Because of slower conduction of a premature impulse, these impulses arrive at distant sites with a longer coupling interval. This precludes assessment of the duration of the effective refractory period and excitable gap at more distant sites in the circuit. The interval of reset gives an upper limit estimate of the shortest excitable gap, which must be at least as short as the gap at the site of stimulation.
The extent of advancement of a tachycardia by premature stimuli provides further information about the shortest excitable gap. Advancement of a tachycardia was associated with advancement at each point in the circuit. This means that an excitable gap at least as large as the maximal extent of advancement exists at every point in the circuit. The extent of advancement provides a lower-limit estimate of the shortest excitable gap in the circuit. Thus, the shortest excitable gap must be less than or equal to the interval of reset and greater than the degree of advancement of the tachycardia.
Relevance to Human Ventricular Tachycardia
An important feature of this model is that reentry is sustained. Reentrant excitation may become unstable and terminate because of breakdown of the central barrier allowing the impulse to short circuit or because of conduction block in the reentrant pathway itself. Spontaneous terminations of reentry can result from cycle length oscillation in a model of reentry in atrial tissue when the reentrant impulse conducts through partially refractory tissue. 7 We attribute the stability of reentry in the present model in part to the presence of a fixed inexcitable central barrier and to conduction through tissue with full recovery of excitability. Because sustained tachycardias are clinically the most important, identification of characteristics that allow reentry to be sustained may provide insight into the differences between sustained and nonsustained tachycardias in patients.
This model is not analogous in pathologic substrate to chronic recurrent ventricular tachycardia in patients after myocardial infarction. However, the resetting response of tachycardias to premature impulses in our model, as well as the stability of reentry, was similar to that reported from human ventricular tachycardia by Almendral et al. 19 Tachycardias were able to be reset throughout a large range of coupling intervals. The coupling interval of return cycles in response to premature impulses showed an inverse or constant and inverse relation as shown in our model. Resetting with advancement of more than 20 msec was observed in the patients Almendral et al9'20 studied. This too implies that the reentrant circuits in our model and in humans share important properties.
Conduction around the circuit was not uniform. Incomplete recovery of excitability does not explain the observed changes in conduction velocity from site to site around the pathway during reentry because full recovery by the end of the excitable gap was found in each preparation. Anisotropy could explain these differences in conduction velocity in different portions of the circuit. This has been described in other models of reentry and has been suggested in clinical ventricular tachycardia. 26, [30] [31] [32] [33] [34] Variations in thickness of surviving layers of myocardial cells around the circuit could also influence changes in local conduction velocity. Cells in deeper layers would be expected to be less healthy than more superficial cells because the preparation was maintained by superfusion. These less-healthy cells could partially depolarize the resting membrane potential of healthier, more superficial cells, resulting in slower conduction through such regions.
Conclusions
This study, using a well-defined model of ventricular reentry, validates the use of resetting response curves to characterize the excitable gaps of reentrant tachycardias and provides insights into the nature of their central barriers.
With regard to interpreting resetting response curves, we conclude that 1) the presence of a flat portion of a resetting response curve indicates that the unperturbed reentrant impulse conducts through fully recovered tissue the entire length of the pathway, 2) the duration of the flat portion of a resetting response curve of a reentrant rhythm indicates the shortest duration of the fully recovered portion of the excitable gap within the circuit, 3) the duration of the increasing portion of a resetting response curve may be longer than the relative refractory period in any part of the circuit, 4) the total interval of resetting and termination defines the local excitable gap, but the interval of reset only provides an upper-limit estimate of the shortest excitable gap, and 5) the extent of advancement of the tachycardia provides a lower-limit estimate of the shortest excitable gap.
With regard to providing insight into the nature of the central barrier, we conclude that 1) advancement of the tachycardia involves premature activation of all parts of the pathway, 2) advancement of the reentrant impulse at each point in the circuit indicates an excitable gap at all sites during reentry, and 3) reentrant tachycardias advanced by premature impulses cannot have refractory tissue forming the central barrier at critical turning points that define the length of the reentrant pathway, but this does not exclude refractory tissue from participating in forming other portions of the central barrier. Therefore, the length of the reentrant pathway of tachycardias able to be reset with advancement could be determined by fixed inexcitable areas, such as scar or valve orifice, or an area in which the conduction time around this region was faster than through it.
